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Nevertheless the selection of the modeling conditions to replicate the air data will always be open to question. This is especially true on a high pressure centrifugal stage where the inlet to both the inducer and diffuser are operating in the sonic regime. Any specific heat variation with temperature different from air will influence the meridional match of these two components. Thus, the implication from Figs. 3, 7, and 8 is that the inducer is the flow limiting device at 50000 rpm. Additionally, there is a gross mistmatch of impeller and diffuser with all the "k" values used.
Beyond this, except for experimental investigations exclusively, rig operation at the speeds, temperatures, and aerodynamic loading of the final environment for the intended use of the compressor is invaluable for its mechanical development despite the aerodynamic development problems it presents.
The comparative results from the insulation tests help to explain rig to engine anomalies that sometimes occur on gas turbines. Here, even when rig efficiency of the components (compressor, combustor, and turbines) is verified by direct measurement of temperature and pressure in the engine, the external performance (output power and SFC) frequently does not line up. The missing "piece" could easily be the casing heat transfer. The authors serve the industry well in reminding us that the true isentopic efficiency requires accurate knowledge of all the input energy. Without the use of insulation, an accurate, reliable, durable, high speed torquemeter is required. In spite of all this, our experience on a variety of compressors has been that casing heat transfer has been less severe than the example shown by the authors.
RONALD c. PAMPREEN. 3 The use of a low-speed-of-sound gas is a novel appToach for investigating new aerodynamic concepts and for exploring the detailed fluid mechanics of centrifugal compressors without the encumberance of structural restraints. The aerodynamic freedom afforded by this type of testing could establish the capability for designing high-pressure-ratio compressors acceptable for potential engine application.
To confirm the practical application, however, it will eventually be necessary to test the appropriate physical hardware in air to obtain the structural influences on aerodynamic performance. These influences consist of the thickness distribution of the blade and the forward deflection of the disk. In the writer's experience, the aerodynamicist has usually been able to accommodate the stress analyst's requirement for thickness distribution. However, if the engine is required to operate efficiently for as far as 50 percent from design speed, the stress analyst may not be able to provide constant axial running clearance on the rotor front face. This is due to the forward deflection of the rotor disk and the rearward deflection of the compressor housing. The disk deflection is caused by centrifugal force loads and thermal gradients, and the housing deflection is usually due to thermal distortion. The higher the design pressure ratio, the more difficult it is to control these deflections and hence running clearance.
• •Chrysler Corp., Detroit, Mich.
With regard to the effect of increased clearance, the paper shows that efficiency reduced while pressure ratio remained constant. This implies that slip factor increased as clearance was increased. The correlation of compressor loss (1-efficiency) with clearance/rotor-tip-width ratio, shown in the referenced paper, 4 is based on data in which the stage pressure ratio increased as clearance decreased. The increase was generally due to increased rotor efficiency with little or no change in work. It seems obvious that rotor efficiency should increase with decreased clearance. However, it also seems plausible that reduced clearance would allow less wash over the blades and, hence, an improvement in slip factor as well as efficiency, contrary to the results shown in the paper. It would be informative to present the loss of efficiency in terms of the change of clearance/rotor-tip-width ratio for comparison with the correlation shown in footnote 4.
The physical explanation for increased slip factor with decreased clearance could lie in the blade aerodynamic loading. It seems conceivable that blades designed with a large difference between pressure and suction surface velocities would be more susceptible to clearance changes than very lightly loaded blades. The usual design practice is to concentrate on configuring blade shapes without excessive suction surface diffusion. This can be accomplished on a lightly or heavily loaded blade with relatively good distribution of blade loading (velocity difference between pressure and suction surfaces). The rotor blades of high pressuro ratio and low specific speed compressors tend to have small blade widths in the radial portion of the rotor. If the blade loading is high, the rotor slip factor and efficiency could be sensitive to clearance changes. It may be that lower loadings must be used as high pressure ratio increases and specific speed decreases.
It has been the practice to design backward curved rotors without splitters. From an aerodynamic standpoint, a radial rotor with 16 full blades and 16 half-bladed splitters should be equivalent in loading to a rotor with 24 blades (16 + 8). If a backward curved rotor of equal pressure ratio has 20 blades (as is the case sometimes), it is conceivable that it could be quite sensitive to clearance changes. Additional blades would lessen the blade loading and, hence, the sensitivity to clearance.
In summary then, it would seem plausible to expect a reduction in slip factor as well as efficiency as clearance is increased, contrary to the results of the paper. Perhaps one explanation could be increased back flow. This would raise the exit temperature and give the impression of increased slip factor.
Authors' Closure
Mr. Pampreen's remarks about the influence of structural deflections of the impeller on stage performance are correct. They add to the comments of Mr. Eckber that final development of a stage must consider mechanical as well as aerodynamic development and this must be inevitably carried out at air design speed.
The LSM approach does offer advantages in decoupling mechanical rig problems from aerodynamic development when the main objective is achieving aerodynamic performance gains. Both discussers apparently agree. It is the authors' opinion that when testing is directed at achieving major aerodynamic improvements, the stage performance changes brought about by impeller and casing mechanical and thermal deflections can be considered secondary.
Mr. Pampreen's discussion relative to the apparent increase in slip factor as clearance increases is probably correct in pinpointing increased backflow as the cause. The authors agree with the arguments by which impeller efficiency should increase with a decrease in clearance. Reference [5] , which is a detailed analysis of the test compressor based on the original air test data, showed that this compressor is suffering from backflow and it is not unreasonable to expect clearance changes to affect the amount of backflow in the direction needed to account for the apparent increase in slip factor.
Mr. Eckber's comments about not exactly modeling the specific heat ratio "k" simultaneously in both the impeller inducer and the diffuser are true. The authors believe that the LSM tests reported in the paper show the extent to which "k" can be mismatched without a significant, measurable effect on stage aerodynamic performacne The static pressure distributions reported in references [1] and [2] clearly showed that the "k = 1.4" gas provided excellent duplication of the diffuser inlet and impeller measurements made in air. The "k = 1.3" and "k = 1.45" gas test results did not do so. Prom these results, the authors conclude that the "k" values are sufficiently closely matched at "k = 1.4" conditions to replicate the overall stage and detailed diffuser aerodynamic performance, while "k = 1.3" and "k = 1.45" gas conditions are not. Since the test compressor was of high pressure ratio (pr = 9), "k = 1.4" gas should produce accurate replication of air aerodynamic data on compressors up to this magnitude pressure ratio.
The detailed aerodynamic measurements reported in references [2] and [4] clearly show that the vaned diffuser is the flow limiting device at 50,000 rpm; the schlieren work also reported in reference [4] showed the formation of vane channel shocks and vaned diffuser choking at the flow limiting or choke points of Figs. 3, 7, and 8.
The authors thank the discussers for their comments and contributions to clarifying the usefulness of the LSM method in compressor technology and development. 2 This paper represents a valuable extension of previous work on gas-particle flow. The following comments are made in the hope of helping to clarify a problem related to the equation of motion for a particle which is required for all calculations of such flows.
The equation of motion for a particle-equation (7a) of the paper-is usually written as 4TT , dv . 4ir " dp -r^ppV 7-= viscous drag --r 3 -6 ax 3 ax
Other forces that may act on a particle are not considered here. Recently, Soo [a] 3 pointed out that the use of Stokes drag -6TTfj. r(u -v)-is inconsistent with the inclusion of the pressure gradient, because the momentum equation of the gas is du dp dx dx and terms of order u{du/dx) are neglected in deriving Stokes drag. He presented arguments to show that the pressure gradient in the equation of motion should be omitted. This problem cannot be resolved by using an empirical drag formula, because at low Reynolds numbers, such a formula still would yield substantially the value of Stokes drag. For typical conditions, the problem is unimportant, because the pressure gradient can be neglected in any case at the low values of the density ratio pg/f>p (typically of order 10~3) involved, but this simplification does not apply for appreciable particle loadings and for particles with mass transfer. In equation (76), the pressure gradient is represented by the second and third terms on the right-hand side and the e-term on the left-hand side, as obtained by differentiating equation (3). These terms would not appear in the equation if Soo's suggestion were followed. The question therefore arises whether or not to include the pressure gradient in the equation of motion. A resolution of this problem may require careful experimental studies, but as a first step, the influence of these terms on the solution should be established. For permanent particles, the second term on the right-hand side would be zero. The third term is generally negligible because of the low density ratio, as pointed out in the foregoing. Thus, only the influence of the eterm on the left-hand side may have to be explored. Varma and Chopra [b] omitted this term without giving an explanation and then calculated the relaxation zone behind a shock wave for permanent particles. Since their examples are different, no comparison of the results can be made. The omission of this term was pointed out in reference [1] and also by Schmitt-v. Schubert [c] , but its significance has not yet been established. Perhaps the authors have some information on the importance of the te;ms in question.
